The changes in iron status occurring during the course of heart failure (HF) and the underlying pathomechanisms are largely unknown. Hepcidin, the major regulatory protein for iron metabolism, may play a causative role. We investigated iron status in a broad spectrum of patients with systolic HF in order to determine the changes in iron status in parallel with disease progression, and to associate iron status with long-term prognosis.
Introduction
Iron deficiency (ID) is frequent among patients with stable systolic heart failure (HF), and has serious unfavourable clinical and prognostic consequences. 1 -3 Intravenous iron therapy administered in patients with HF and ID lessens the symptoms and improves exercise capacity and quality of life. 4 -6 However, the sequence of changes in iron status occurring during the natural history of HF and the pathomechanisms triggering ID in these patients still remain enigmatic. Hepcidin as the major regulatory protein of iron metabolism may play a causative role in HF. 7 -10 The hepatic upregulation of hepcidin has been shown to be centrally involved in the pathogenesis of ID and anaemia associated with chronic inflammatory diseases, including chronic kidney disease (CKD), infections, cancer, autoimmune diseases. 7,11 -15 Available evidence on detailed iron status in HF is scarce and equivocal. 16 -20 We set up our study with the following aims: (i) to investigate iron status in a broad spectrum of patients with systolic HF compared with healthy subjects; (ii) to determine the changes in iron status in parallel with increasing HF severity and during clinical follow-up in patients with systolic HF; (iii) to associate iron status with clinical indices, measurements of erythropoiesis, and long-term prognosis in patients with systolic HF.
Methods
Patients with systolic heart failure and healthy subjects
The recruitment phase of the study was conducted among patients with systolic HF who either attended the outpatient clinic or underwent a planned hospitalization (for diagnostic purposes) in a tertiary cardiology centre. The criteria for patients with systolic HF to be included in the study were (i) age ≥18 years; (ii) a documented history of HF of ≥6 months; (iii) left ventricular ejection fraction (LVEF) ≤45% as assessed by echocardiography (performed at the time of the study, using Simpson's planimetric method); (iv) clinical stability and unchanged HF medications for ≥1 month preceding the study.
Healthy subjects were recruited among volunteers, relatives, and colleagues of the staff or patients. The criteria for healthy subjects to be included in the study were (i) age ≥18 years; (ii) neither signs nor symptoms of any cardiovascular disease; (iii) normal echocardiography examination, in particular LVEF ≥50%, performed at the time of the study using Simpson's planimetric method); (iv) absence of any acute (during the previous 6 months) or chronic (at any time in the past) illness and related therapy.
Exclusion criteria included (i) acute coronary syndrome and/or coronary revascularization within the 3 months preceding the study; (ii) unplanned hospitalization due to HF deterioration or any other cardiovascular reason within 1 month preceding the study; (iii) any acute or chronic illness that might influence iron metabolism (including malignancy, infection, severe renal disease requiring dialysis, and haematological diseases); (iv) any anaemia and/or ID treatment either at the time of the study or during the previous 12 months.
The study protocol was approved by the local ethics committee and all subjects gave written informed consent. The study was conducted in accordance with the Declaration of Helsinki.
Haematological parameters, indices of iron status, and other laboratory measurements assessed in peripheral blood
In all patients, venous blood samples were taken in the morning following an overnight fast and after at least 15 min of supine rest. Haematological measurements were made in fresh venous blood with EDTA and clotted blood. After centrifuging, the plasma and serum were collected and frozen at 2708C until further laboratory analyses.
Haemoglobin concentration (g/dL), mean corpuscular volume (MCV, fL), and red cell distribution width (RDW, %) were measured using the ADVIA 120 automated system (Siemens, Healthcare Diagnostics, Inc., Deerfield, IL, USA). Anaemia was defined as haemoglobin ,12 g/dL in women and ,13 g/dL in men. 21 The following blood biomarkers reflecting iron metabolism were measured directly: serum concentrations of ferritin (mg/L), iron (mg/dL), and total iron binding capacity (TIBC, mg/dL). Transferrin saturation (Tsat) was calculated as the ratio of serum iron (mg/dL) and TIBC (mg/dL) multiplied by 100 and expressed as a percentage. Serum ferritin was measured using an immunoassay based on electrochemiluminescence with the Elecsys 2010 System (Roche Diagnostics GmbH, Mannheim, Germany). Serum iron and TIBC were assessed using a substrate method with Feren S (Thermo Fisher Scientific, Waltham, MA, USA).
Circulating iron bound to transferrin (expressed as Tsat) reflects the amount of iron available to metabolizing cells. 22 -24 The interpretation of circulating ferritin levels should always take into account its dual physiological role as the major iron storage molecule and as the acute phase protein, which expression is increased in response to inflammatory stimuli, regardless of the amount of stored iron. However, in the absence of inflammation, circulating ferritin can be considered as a reliable surrogate for the quantity of stored iron. 8,22,23,25 -27 Serum soluble transferrin receptor (sTfR, mg/L) was measured using immunonephelometry (Siemens Healthcare Diagnostics, Inc.). Increased circulating sTfR (originating from all cells metabolizing iron) is a sensitive indicator of ID and quantitatively reflects tissue iron demand along with the erythroid proliferation rate, but not body iron stores. 23, 28, 29 Serum hepcidin (ng/mL) was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) (BACHEM). This ELISA method was validated with a gold standard for hepcidin assessment, namely liquid chromatography mass spectrometry (LC MS) developed at King's College London, confirming a strong correlation between the measurements performed using the LC MS and the BACHEM assay in patients with CKDs and healthy subjects. 30 Plasma level of NT-proBNP (N-terminal pro-B type natriuretic peptide, pg/mL) was measured using an immunoassay based on electrochemiluminescence with the Elecsys 1010/2010 System (Roche Diagnostics GmbH, Mannheim, Germany).
Serum level of high-sensitivity C-reactive protein (hs-C-reactive protein, mg/L) was assessed using kinetic nephelometry (DADE BEHRING, Siemens Healthcare Diagnostics, Inc.).
Serum level of interleukin 6 (IL-6, pg/mL) was measured using a commercially available ELISA (R&D Systems, Minneapolis, MN, USA).
Estimated glomerular filtration rate (GFR, mL/min/1.73 m 2 ) was calculated using the Modification of Diet in Renal Disease equation.
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Study scheme and clinical follow-up
All patients with systolic HF and the healthy subjects were evaluated comprehensively at the time of inclusion for this study. Subsequently, patients with systolic HF were regularly seen by the study investigators in outpatient HF clinics with follow-up ≥12 months in all survivors. Information regarding survival was obtained directly from patients or their relatives, from the HF clinic database or from the hospital system. No patient was lost to follow-up. The primary endpoint was all-cause death. The length of follow-up of survivors and patients in whom an event occurred after 3 years was censored at 1095 days.
Statistical analyses
Continuous variables with a normal distribution [age, body mass index (BMI), LVEF, sodium, GFR, haemoglobin, MCV, iron, TIBC, Tsat] were expressed as means (x) with standard deviations. The remaining continuous variables had a skewed distribution (NT-proBNP, hs-C-reactive protein, IL-6, RDW, ferritin, sTfR, hepcidin) and were expressed as medians with upper and lower quartiles. For further analyses, these variables were log-transformed in order to normalize their distribution. The categorical variables were expressed as numbers with percentages.
The statistical significance of differences between the groups was tested using analysis of variance (ANOVA), Student's t-test, or the x 2 test, where appropriate. The associations between variables were assessed using the univariate Pearson correlatory coefficients or the E.A. Jankowska et al.
Spearman rank correlatory coefficients. The statistical significance of paired changes between the first and the second assessments in the longitudinal part of the study was assessed using the paired Student's t-test.
The associations between clinical and laboratory variables and survival were established in patients with systolic HF, using Cox proportional hazards analyses (both univariate and multivariable models). We included the following parameters as potential clinical prognosticators in patients with systolic HF: age, gender, BMI, HF aetiology, New York Heart Association (NYHA) class, LVEF, NT-proBNP (ln), sodium, hs-C-reactive protein (ln), GFR, and the presence of diabetes mellitus. Additionally, the set of haematological parameters and indices of iron status were included as potential prognosticators in this group of patients, namely: haemoglobin, ferritin (ln), Tsat, hepcidin (ln). Owing to a limited number of events (76 deaths), when constructing the multivariable Cox model, we included the following most important clinical prognosticators in HF [age, NYHA class, NT-proBNP (ln), GFR] along with haematological parameters and indices of iron status [haemoglobin, ferritin (ln), Tsat, hepcidin (ln)].
All tests were two-sided. A value of P ,0.05 was considered statistically significant. All statistical analyses were performed using Statistica 9.1.
Results
Baseline characteristics of 321 examined patients with systolic HF and 66 healthy subjects are shown in Table 1 .
Iron status in patients with systolic heart failure according to New York Heart Association class and healthy subjects Compared with healthy controls, patients with systolic HF in NYHA class I had similar haematological status (haemoglobin, MCV) (both P . 0.2). The marked differences between patients in NYHA class I and healthy subjects were increased serum levels of ferritin (P , 0.01) and hepcidin (P , 0.001) (Table 2, Figure 1 ).
With increasing HF severity, assessed by NYHA class, patients developed ID (evidenced by reduced ferritin, low Tsat, high sTfR) and iron-restricted erythropoiesis (reduced haemoglobin, high RDW) (all P , 0.001 for differences across NYHA classes), which was accompanied by a marked decrease in circulating hepcidin (P , 0.001 for differences across NYHA classes) ( Table 2) .
Among clinical and laboratory indices, the following were associated with low hepcidin level in patients with systolic HF: older age (r ¼ 20.15, P , 0.01), more prevalent ischaemic HF aetiology (t ¼ 2.05, P , 0.05), high plasma NT-proBNP (r ¼ 20.12, P , 0.05), high serum IL-6 (r ¼ 20.33, P , 0.001), low MCV (r ¼ 0.27, P , 0.001), high RDW (r ¼ 20.46, P , 0.001), low serum ferritin (r ¼ 0.57, P , 0.001), low Tsat (r ¼ 0.14, P , 0.05), increased TIBC (r ¼ 20.16, P , 0.01), and high sTfR (r ¼ 20.22, P , 0.001).
Serum hepcidin and ferritin, and the presence of anaemia in patients with systolic heart failure Anaemia was found in 60 (19%) of patients with systolic HF. There were no differences in serum hepcidin between anaemic and non-anaemic patients with systolic HF in subsequent NYHA classes HF, heart failure; BMI, body mass index; CAD, coronary artery disease; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B type natriuretic peptide; GFR, glomerular filtration rate; hs-C-reactive protein, high-sensitivity C-reactive protein; IL-6, interleukin 6; ACE-I, angiotensin-converting enzyme-inhibitor; ARB, angiotensin receptor blocker; ICD, implanted cardioverter defibrillator; CRT, cardiac resynchronization therapy. **P , 0.01, ***P , 0.001-patients with systolic HF compared with healthy subjects.
Iron status and heart failure Serum hepcidin and ferritin, and the proinflammatory activation in patients with systolic heart failure Proinflammatory activation was associated with HF severity, as evidenced by increased serum levels of hs-C-reactive protein and IL-6 in patients with systolic HF in subsequent NYHA classes (both P , 0.001) ( Table 2) .
Neither serum hepcidin nor serum ferritin correlated with serum hs-C-reactive protein, when the associations were sought in all patients with systolic HF, and separately in those in NYHA classes I-II and in those in NYHA classes III -IV (all P . 0.2).
Both serum hepcidin and serum ferritin were inversely related to serum IL-6: in all patients with systolic HF (r ¼ 20.33, P , 0.001, and r ¼ 20.31, P , 0.01, respectively, for serum hepcidin and serum ferritin), in those in NYHA classes I-II (r ¼ 20.35, P , 0.01, and r ¼ 20.27, P , 0.05), and in those in NYHA classes III -IV (r ¼ 20.35, P , 0.05, and r ¼ 20.32, P ¼ 0.05).
Longitudinal changes in iron status in asymptomatic patients with systolic heart failure Patients with systolic HF in NYHA class I at baseline were invited after ≥12 months for a second comprehensive assessment, to MCV, mean corpuscular volume; RDW, red cell distribution width; TIBC, total iron binding capacity; Tsat, transferrin saturation; sTfR, soluble transferrin receptor; hs-C-reactive protein, high-sensitivity C-reactive protein; IL-6, interleukin 6. *P , 0.05, **P , 0.01, ***P , 0.001-healthy subjects compared with asymptomatic patients with systolic HF (NYHA class I). examine the changes over time in clinical status, echocardiography, haematological parameters, and indices of iron status, provided they were alive, experienced no episode of decompensation during follow-up and agreed to participate. Out of 72 patients in NYHA class I at baseline, 21 (19 men, mean age: 57 + 10 years) were re-assessed, after a mean follow-up of 28 + 7 months, 6 of whom remained in NYHA class I and 15 deteriorated to NYHA class II. The baseline values of LVEF, NT-proBNP, sodium, GFR, haemoglobin, ferritin, iron, TIBC, Tsat, sTfR, hepcidin, and hs-C-reactive protein did not differ between the whole group of 72 patients in NYHA class I and those 21 subjects included in the longitudinal part of the study (all P . 0.1).
During follow-up, the following parameters did not change: LVEF, NT-proBNP, sodium, hs-C-reactive protein, GFR, haemoglobin, ferritin, iron, TIBC, and Tsat (all P . 0.2). However, these patients developed a marked decrease in circulating hepcidin from 111.3 (52.3-141.3) to 39.5 (22.7-64.8) ng/mL (P , 0.01) along with an increase in serum sTfR from 1.25 (1.14-1.62) to 1.48 (1.00-2.20) mg/L (P ¼ 0.05).
There were no associations between the decline in serum hepcidin and the changes in haemoglobin and serum hs-C-reactive protein during the clinical follow-up (P . 0.2), but the decrease in serum hepcidin was related to an increase in serum sTfR (r ¼ 20.54, P , 0.05).
Indices of iron status and survival in patients with systolic heart failure
The mean duration of follow-up in all 321 patients with HF was 28 + 11 months (median: 36 months); time to death was 14 + 10 months (median: 12 months). In the whole group, the 3-year survival rate was 76.3% (95% CI: 71.4-81.2%) (all 76 deaths were cardiovascular).
Univariate analyses
In univariate Cox proportional hazard regression models, the following clinical variables were associated with higher mortality during the 3-year follow-up in patients with systolic HF: higher NYHA class, lower LVEF, higher NT-proBNP, lower sodium, higher hs-C-reactive protein, and lower GFR (all P , 0.05, Table 3 ).
Also in univariate models, all analysed haematological parameters and indices of iron status were associated with 3-year mortality rates in patients with systolic HF (all P , 0.01, Table 3 ).
Multivariable analyses
In the multivariable Cox proportional hazard regression model, after adjustment for most important prognosticators in HF and measures of haematological and iron status, low circulating hepcidin remained independent prognostic factors of higher mortality during the 3-year follow-up in patients with systolic HF (P , 0.001) ( Table 3) .
Low serum hepcidin (≤31 ng/mL, lower quartile) was associated with an increased 3-year mortality both in non-anaemic (HR ¼ 2.89, 95% CI: 1.63-5.05, P , 0.001) and anaemic (HR ¼ 3.94, 95% CI: 1.84-8.45, P , 0.001) patients with systolic HF (Figure 3) .
Discussion
The major findings of our study are the following: (i) deranged iron status was detectable at an early stage of systolic HF, as demonstrated by elevated serum ferritin (reflecting an increased amount of stored iron in the absence of distinct inflammation) and hepcidin levels, (ii) the progression of systolic HF was associated with the development of ID and iron-restricted erythropoiesis in parallel with a gradual decline in circulating hepcidin, and (iii) in patients with systolic HF, circulating hepcidin levels were related neither to anaemia nor to proinflammatory activation.
As hepcidin is commonly and predominantly acknowledged as the key regulator of iron metabolism, an analysis of the pattern of its changes may allow one to understand the pathomechanisms leading to ID, which characterizes the HF syndrome. Hepcidin, upon binding to the only known cellular iron export protein, ferroportin, results in a ferroportin degradation and the blockage of cellular iron egress. 8, 10 In this way, duodenal iron absorption is decreased and retention of iron in the reticuloendothelial system occurs, thus reducing both circulating iron concentrations and iron availability to target tissues. 8, 10, 32 The physiological role of hepcidin is, however, broader than orchestrating systemic iron metabolism and also comprises control of efficient iron-replete erythropoiesis, and anti-microbial innate immune response. 7 -10,33,34 Thus, the hepatic production of hepcidin is controlled in feedback loops through three groups of molecules originating, respectively, from iron-sensing systems (increased circulating iron concentrations induce hepcidin expression and release into the circulation, whereas systemic ID causes the opposite effects), inefficient erythropoiesis (anaemia and/or hypoxia can inhibit hepatic production of hepcidin), and inflammatory processes. 7 -10,33,34 Of note, inflammatory stimuli, such as IL-6 and lipopolysaccharide, are able to induce the hepatic expression of hepcidin, and this mechanism seems to be responsible for the development of functional ID and anaemia in patients with chronic inflammatory diseases. 7 -10 As HF is accompanied by a chronic inflammatory state with increased circulating proinflammatory molecules, 35, 36 we have anticipated that a proinflammatory stimulus may be crucial for an increased hepatic production of hepcidin with further clinical consequences (ID, anaemia). Interestingly, our data seem to be rather contradictory, as in patients with systolic HF, high serum hepcidin was associated with low circulating proinflammatory markers (IL-6 and hs-C-reactive protein), and serum hepcidin was related to the presence of neither anaemia nor haemoglobin level (regardless whether these analyses were performed separately in NYHA classes I-II or III -IV). These findings seem to be opposing to the prevalent literature and deserve to be discussed. At the early stage of HF, both the inflammatory stimuli and the stimuli associated with compromised erythropoiesis seem to be of a minor importance in the regulation of hepatic hepcidin expression. Thus, high circulating hepcidin levels can be interpreted predominantly as a response to iron excess, which, in the absence of proinflammatory activation, is evidenced by elevated serum ferritin. As mentioned before, plethora of biological effects of hepcidin also comprises triggering an anti-inflammatory response. 37, 38 In the experimental settings, pre-treatment with intravenous hepcidin or the induction of hepatic hepcidin expression prevents the Iron status and heart failure inflammatory response due to the exposure to lipopolysaccharide. 37, 38 In this context, an inverse relationship between proinflammatory markers and circulating hepcidin levels may result from the anti-inflammatory properties of the latter.
In our study, circulating hepcidin did not differ between anaemic and non-anaemic subjects, and there was no relationship between the decline in serum hepcidin and the change in either haemoglobin or serum hs-C-reactive protein during the progression of HF. HR, hazard ratio; CI, confidence interval; BMI, body mass index; HF, heart failure; CAD, coronary artery disease; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B type natriuretic peptide; hs-C-reactive protein, high-sensitivity C-reactive protein; GFR, glomerular filtration rate. Figure 3 Kaplan-Meier curves depicting the 3-year cumulative survival rates separately in anaemic and non-anaemic patients with systolic heart failure, split into those with and without low circulating hepcidin (≤31 ng/mL, lower quartile).
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The results of two small studies addressing the analogous associations in patients with HF are equivocal. 18, 19 Divakaran et al. 18 did not find any differences in either serum or urine hepcidin in HF patients with and without anaemia (97 examined subjects in total), whereas in the study of Matsumoto et al., 19 36 anaemic patients with HF had reduced serum hepcidin compared with 25 non-anaemic subjects, and serum hepcidin did not correlate with serum IL-6 in patients with HF. We believe that we have been able to describe a novel adaptive mechanism, triggered at the initial phase of HF, and protecting against potentially toxic effects of iron excess. Biological properties of hepcidin may be advantageous. The limitation of intestine iron absorption and iron sequestration decreases the labile iron pool, which further reduces unfavourable effects of iron excess (generation of free radicals), whereas the inhibition of innate immune response may prevent the development of inflammatory reactions. Both oxidative stress and inflammation are crucial mechanisms underlying progression of the cardiovascular damage; hence, their prevention due to the upregulation of hepcidin could be considered as an adaptive response. As the regulation of hepatic expression of hepcidin is very complex and not yet fully understood, other factors, not assessed here, may also be involved. In the longer perspective, however, an upregulation of hepcidin blocks iron absorption and release, and leads to the development of ID, which in turn unfavourably affects the myocardium itself, peripheral muscles, and the haematopoietic system, ultimately causing the progression of the disease.
Iron deficiency itself inhibits hepcidin expression and its release into the circulation, 8 -10 which explains a gradual reduction of serum hepcidin in the natural course of HF and accompanying depleted iron stores (low serum ferritin), negative tissue iron balance (low Tsat, high serum sTfR), and iron-restricted erythropoiesis (reduced haemoglobin, high RDW). Interestingly, low serum hepcidin appeared to be a strong and independent prognosticator of an increased 3-year mortality in patients with systolic HF, regardless of their clinical, haematological, and iron status. Our findings are in accordance with data from small studies showing that HF patients have low serum and urine hepcidin, which is accompanied by depleted body iron as reflected by reduced serum ferritin. 17 -19 As the liver is an established major source of circulating hepcidin, 7 -10 it is the most likely origin of markedly elevated serum hepcidin in asymptomatic HF patients. There is an alternative (so far hypothetical) theory about an extra-hepatic origin of circulating hepcidin in HF (e.g. from ischaemic and/or hypoperfused myocardium). There is evidence that myocardial hepcidin expression is increased in experimental models of myocardial ischaemia, myocarditis, and HF accompanying CKD. 39 -41 However, whether an increased expression of hepcidin in the diseased myocardium could significantly contribute to the amount of the circulating hepcidin pool in the clinical setting of HF or rather contribute to ID at the local myocardial level remains largely unknown. It would be prudent to confront deranged iron status in HF with the abnormalities in iron metabolism seen in chronic inflammatory diseases. 7,11 -15 In these patients, high circulating hepcidin levels are typically found in advanced stages of the disease, e.g. in patients with CKD requiring dialysis, 11, 12, 15 in septic patients with the systemic inflammatory response syndrome, 14 and in patients with rheumatoid arthritis of a long duration, 13 being also accompanied by inflammation, ID, and anaemia. On the contrary, our results demonstrate, for the first time ever, that high circulating hepcidin characterizes an early stage of systolic HF, with the subsequent decline along with the progression of HF and development of ID. High circulating hepcidin in patients with systolic HF was related to the presence of neither augmented inflammation nor anaemia. We hypothesize that the pathophysiological mechanisms underlying ID in HF seem to markedly differ from those demonstrated in chronic inflammatory diseases. Therefore, diagnostic algorithms and therapeutic approaches specific for HF need to be further developed and studied.
Study limitations
For the description of iron status in patients with HF, we have applied several biomarkers assessed in peripheral blood. 22 -24,28,29 Their interpretation has been based on the experience of nephrologists and haematologists, 22 -24,28,29 and the reader should be aware that in patients with HF they have never been validated with a 'gold standard' (iron amount in bone marrow).
The observational character of the study needs to be acknowledged, and the pilot longitudinal data allow us only to hypothesize about the sequence of changes in iron status during the natural history of systolic HF. The limited number of patients included in the longitudinal part of our project needs to be considered as the limitation of the corresponding analyses. They should be interpreted with caution, and serve as hypothesis-generating data. As we have not investigated mechanisms underlying iron excess observed at an early stage of HF, we are not able to explain this phenomenon. We also still do not have the data to clearly explain markedly declining levels of circulating hepcidin along with the progression of the disease. Further mechanistic studies are needed to address underlying pathophysiological mechanisms.
Conclusion
Increased level of circulating hepcidin characterizes an early stage of HF, and is not accompanied by either anaemia or inflammation. The progression of HF is associated with the decline in circulating hepcidin and the development of ID. Low hepcidin relates to unfavourable outcome.
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